In this paper, a new reliability model has been developed for a single system degrading stochastically which experiences soft and hard failure. Soft failure occurs when the physical deterioration level of the system is greater than a predefined failure threshold, and hard failure occurs when the instantaneous stress caused by a shock process is greater than a critical threshold. It is considered that the degradation and shock process are mutually dependent. In fact, each arriving shock accelerates the degradation process by adding abrupt additional damages to the degradation path and changing the degradation rate according to specific magnitude; also, the cumulative degradation changes the occurrence intensity of shock process. A gamma process is used as a stochastic process to model the degradation path. A realistic numerical example is presented to illustrate the proposed reliability.
Introduction and Background
Industrial systems and products experience multi-failure modes. A degradation process and shock process are the two most common failure modes in many systems. Degradation processes present the level of system physical deterioration over time. When system degradation reaches a pre-determined critical value, the system fails due to soft failure. Another competing failure process is called a hard failure, which is due to instantaneous stress caused by shock process. There has been significant research considering soft failure and hard failure in system reliability [1] [2] .
In recent research, two types of dependencies between shock and degradation processes have been studied; shock-degradation dependence and degradation-shock dependence models. In shock-degradation dependence models, random shock has damages on the degradation process, such as causing an abrupt increase on the degradation process and increasing the degradation rate. Peng et al. [3] developed a reliability model for a system when arriving shocks cause an additional abrupt change to the cumulative degradation process. Song et al [4] studied the reliability and condition-based maintenance of a multicomponent system considering shock-degradation dependence. Rafiee et al [5] investigated a reliability model considering changing of degradation rate by different shock patterns.
The majority of recent research focused on shock-degradation models, while in some systems shocks can be influenced by the degradation process. There has been significant research on degradation-shock models such as Fan et al [6] , Zhu et al [7] and Ye et al [8] However, in practice, systems can experience mutual dependency of shock and degradation processes. While a shock process can be influenced by the degradation process and it can also have effects on degradation process. Che et al. [9] proposed a reliability model considering mutually dependent shock and degradation processes. Each shock has an additional abrupt change on the degradation process and the cumulative degradation changes the occurrence intensity of coming shocks. They modeled the shock process using facilitation model and the degradation process follows a deterministic degradation model.
In this paper, mutually dependence of shock and degradation process is considered for a system where coming shocks not only have additional abrupt on degradation path, but also change the degradation rate. Some systems deteriorate faster when they become more prone to failure; so, beside the abrupt damage of each shock exposure on the degradation process, they can change the degradation rate to make it deteriorate faster. In addition, it is assumed that current cumulative degradation can increase the occurrence intensity of shock process. In this paper, to consider the uncertainty of degradation over time, a gamma process is used as a stochastic process, which can model the degradation path of systems degrading in a form of cumulative damage.
System reliability analysis
Two dependent competing failure processes are considered: soft and hard failure. It is considered that arrival shocks have two types of damage on the cumulative degradation process. First, each incoming shock has an additional abrupt change on the cumulative degradation process. Second, if the shock magnitude is greater than a predefined critical value, the degradation rate changes from the arrival time of that shock. Moreover, the cumulative degradation increases the occurrence intensity of the next shocks. The cumulative degradation is the summation of pure degradation and additional abrupt changes caused by arriving shocks. Therefore, it can be concluded that next shock arrival is influenced by degradation and the total number of arrived shocks, and it has damage effects on the cumulative degradation.
A Poisson process is a random process when each event is independent of all other events in the process. However, in this study the arrival shock depends on the number of shocks arriving to the system and the total degradation, so the Poisson process is not suitable for the shock arrival process. Che et al [9] showed that random shock process {N(t), t>0} can be modeled as a facilitation model using intensity function λi(t). As it is proved in [9] the probability of having i shocks by time t can be calculated as the following equation 1 1 1 00
and the intensity function is
which depends on the total degradation 00 ( ) ( )
. γ indicates the effect of the current degradation on the intensity and η is the facilitation factor which shows the effect of abrupt degradation on the shock process, and total degradation is the summation of degradation process and damage caused by
To calculate the system reliability by time t, the system should not experience any hard and soft failure by time t. It is assumed that the shock damage is an i.i.d random variable which follows a normal distribution
.The probability of having no soft failure by time t is (PNS)
It is assumed that the degradation can be modeled as gamma process. For
t>0and s>0, X(t) -X(s)~gamma((t)-(s), ).
Where (t) is the shape parameter and  is the scale parameter.
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Moreover, it is assumed that the shock magnitude is an i.i.d random variable
, so the probability of no hard failure by time t is as follow (PNH)
The system reliability by time t can be calculated using equation (5) 0 () 
Using equation (1) the probability that we have m shocks by time t is as follow. 
Reliability analysis considering changing degradation rate
In this paper, it is considered that the degradation rate changes if any shock magnitude is greater than a predefined damage threshold. Therefore, two thresholds should be defined for shock magnitude, one is for detecting hard failure (D1), and the other for damage which is in form of changing degradation rate (D0). Figure 1 shows this model. At time t3 the shock magnitude is greater than the hard failure threshold which caused the system fails, and at time t2 the shock magnitude is greater than the damage threshold which causes change of the degradation rate. To calculate the system reliability considering changing degradation rate, the probability of all the possible scenarios should be calculated and added together. There may have three different scenarios for this system.
1. When there is no shock has arrived by time t. ) 0) ( ; , ) exp ( ( ; )) ) ( ) 
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Where the probability density function of tj can be calculated as
 − . The probability of having j shocks by time tj should be calculated using equation (6) while the shape parameter for gamma process is α1(t) and scale parameter is β. To calculate the probability of having m-j shocks from tj to t, equation (6) can be used, while the initial degradation is the cumulative degradation up to time tj.
. X(t) follows a gamma process with shape parameter α2(t) and scale parameter β.
Numerical results
A jet pipe servo valve is considered as a realistic numerical example in this section. The valve control hydraulic oil flows by the spool sliding in the sleeve [10] . However, the oil pollution can lead to the breakdown of leakage and the contamination lock (i.e. the clamping stagnation failure [11] ). In this paper, the contamination lock is considered as hard failure and the wear between spool and sleeve is considered as soft failure. Table 1 shows the parameters for reliability analysis of this example. [9] Monte Carlo simulation with 10 5 replications is used to calculate the system reliability. Figure 2 shows the system reliability with and without considering changing degradation rate. When the degradation rate changes, the system degrades faster, and subsequently there are more shocks coming to the system, so as it is shown in Figure 2 , the reliability considering changing degradation rate is lower than reliability with fixed degradation rate.
A sensitivity analysis is performed for effect of the damage threshold on the system reliability. As it is shown in Figure 3 , as damage threshold decreases, the system reliability decreases faster. When the damage threshold is high, there is fewer changes in the system degradation rate. While it is low, we will have more shocks greater than the damage threshold, and consequently the degradation rate changes to make the system degrade faster. Figure 4 shows the sensitivity analysis of system reliability on degradationshock dependence factor (γ). When γ is small, there is less degradation-shock dependence, and high γ makes the system receive more shocks which results in more shocks with magnitude of greater than the damage threshold, and subsequently faster deterioration. As it is shown on Figure 4 , the system with high γ degrades faster and has lower system reliability, while there is almost no degradation-shock dependence when γ is high, so the system reliability is higher. 
Conclusion
In this paper, a new reliability model is developed for a single component system degrading as a gamma process. The system experiences two competing failure processes of soft and hard failure. If the system's total degradation, which is summation of pure degradation and additional abrupt damage caused by shocks, is greater than a predefined threshold, the soft failure happens, and when any shock magnitude is greater than a critical threshold, the system experiences hard failure. In this paper, the mutual dependency of shock and degradation processes are considered. Each incoming shock has two types of damage on the system degradation. It has additional jumps on the degradation path and it can change the degradation rate, if its magnitude is greater than a damage threshold. Consequently, the cumulative degradation changes the occurrence intensity of next shocks. A realistic example of a jet pipe servo valve is used to show the performance of the new reliability model compared to previous models.
